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ABSTRACT High resolution X-ray spectral observations of Puppis A were performed
with the FPCS on the Einstein Observatory at three regions of the remnant: the shock
front, the bright eastern knot, and the interior. Plasma diagnostics of lines from OVII and
OVIII constrain the values of electron temperature, ionization timescale, and hydrogen
column density. We compare results of the diagnostics for these three regions. A non-
equilibrium analysis of previously published fluxes of oxygen lines shows that the
interior has not yet reached ionization equilibrium.

' ' "] Between April, 1979 and July, 1980, the
‘Puppis A supernova remnant was observed
using the Focal Plane Crystal Spectrometer

g 42030 o 1 (FPCS) on the Einstein Observatory
2 (Canizares, et al. 1979). The remnant was
Z .observed at several positions; the bright
E ; eastern knot, the shock front, and at several
< ' closely spaced positions in the interior. A
5 circular (6 arc minute) aperture was used to
% —43°00 - observe the bright eastern knot; in the other

cases a 3 X 30 arc minute rectangular

aperture was used to make the observations.

The interior was observed with the

, ] .| rectangular aperture in a variety of angular

ghoom ghoom gh1gm orientations. Figure 1 shows FPCS aperture

RIGHT ASCENSION (1950) positions for the three regions, overlaid on

the Puppis A image obtained by Petre et al.

. .. (1981). The X-ray observations consisted

Figure 1 Aperture positions for the primarily of lines of helium-like and

bright eastern knot, the shock front and  hydrogen-like ions of oxygen (O VII and

the interior overlaid on an HRI image O VII) and neon (Ne IX and Ne X), and
of Petre, et al. (1981). neon-like iron (Fe XVII).

The X-ray emission lines detected by the FPCS provide useful diagnostics of conditions
in the line-emitting plasma. For transitions i - g and j — k of ionization states +x and +y
of an element Z, the ratio of X-ray fluxes is given by:

f_i_g_ ) Q_lg xm, X exp (-0 (Eig)NH) X exp (-Eig/ (kTe) )

fjk ij x n+y X exp (—O(Ejk) NH) X exp (—Ejk/ (kTe) )

where Q,, is the effective collision strength for transition i — g, E;; is the excitation
energy, T, the electron temperature, n,, the density of ion x, o the cross-section per
hydrogen atom for photoelectric absorption at energy E;,, and Ny the hydrogen column
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density (see Vedder et al. 1986). Since it is difficult to make enough measurements so as
to solve for all of the unknowns, the approach we have taken is to measure a few line
intensities selected so that as many parameters as possible will cancel. For example, two
lines from the same ion define an allowed region in the parameter space of column
density Ny and electron temperature T,. In order to use two different ions from the same
atom, it is necessary to perform a non-equilibrium analysis because the relative
abundances of the various ions are functions of time since the plasma was shocked. The
ionization structure is determined by solving a set of Z+1 simultaneous differential
equations. (We have employed the technique of Hughes and Helfand (1985) to solve the
ion balance equations.) The resulting ion abundances are then used explicitly in the
equations for the line emissivities. The various parameters of the non-equilibrium model
are T,, Ny, and <. Here 1 (= electron density x time since the shock) is the ionization
timescale and measures the extent to which ionization equilibrium has been attained. The
complete analysis technique is discussed in more detail in Markert ez al. (1988).

In order to compare the physical conditions of the three regions, (i.e. interior,
bright eastern knot and shock front) we compared the results of the analysis described
above (Winkler et al. 1981; Winkler et al. 1983; Fischbach et al. 1988) The derived
allowable regions in (N, T,) and (T,, t) parameter space are reproduced in Figures 2, 3
and 4 for the respective regions. In order to obtain an estimate of the ionization
timescale, z, of the interior, previously published oxygen line fluxes (Winkler et al. 1981)
were applied to the non-equilibrium analysis, from which Figure 2b is obtained. In the
analysis Ny; was assumed to be 4 X 10?! cm?, but the results are not particularly sensitive
to this assumption.

The deduced constraints on column density Ny, electron temperature T,, and
ionization timescale t are shown in Table 1 for the three regions.

TABLE 1
PLASMA DIAGNOSTICS
Region T (10°K) 1 (yr cm?) t@yr) ® n, (cm3) @
Interior 43-19® 300-2000 3700 0.1-0.6
Eastern Knot 6-8 800-1200 100 8-12
Shock Front >7.9 150-400 100 1.5-4

1) See Winkler et al., 1988; Winkler et al., 1983; Fischbach et al., 1988).

(2)  Electron density n, is estimated by naively assuming t = n.t. In fact, the
line-emitting region consists of material shocked at different times, so the
reported value of n, is probably a slight underestimate.

3) Winkler (1981) derives T, > 1.5 x 10°. These temperature constraints are
obtained from the analysis shown in Figure 2b.

The non-equilibrium analysis on oxygen lines from the interior suggests that
the plasma departs substantially from ionization equilibrium. Thus, none of the three
regions is found to be in ionization equilibrium despite the advanced age (~3700 years) of
the remnant.
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Figures 2a,b  Regions in (Ny,T.) and (T,x) parameter space allowed by FPCS
measurements of the interior. Shaded area is region of overlap consistent with all
measurements. Figure 2a is reproduced from Winkler et al. (1981). Figure 2b shows
results of a non-equilibrium analysis using oxygen lines as published in Winkler et al.
(1981) and assuming Ny = 4 x 10 em®. Each pair of contours in Figure 2b indicates
90% confidence.
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Figures 3a,b Allowed (shaded) regions in (Ny,T,) and (T,x) parameter space for the
bright eastern knot (Winkler et al. 1983).
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Figures 4a,b Allowed (shaded) regions in (Ny,T,) and (T, x) parameter space for the
shock front (Fischbach et al. 1988). Arrows to the right of the vertical line in Figure 3a
indicate allowed region.
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